M atthias S chöttner3, D ietm ar G a n ß e rb and G erh ard S piteller3 a L ehrstuhl O rganische Chem ie I, U n iv ersität B ayreuth, U n iv ersitätsstraß e 30, D-95440 B ayreuth. G erm any h Institut für L ebensm ittelchem ie, U n iv ersität H annover, W unstorfer S traße 14, D-30453 H annover, G erm any Z. N aturforsch. 52c, 8 3 4 -8 4 3 (1997); received July 22/S eptem ber 17, 1997 S H B G (SBP), Sex H orm one Binding G lobulin, Synthesis of Lignans, S tobbe C ondensation Lignans bind to sex horm one-binding globulin (S H B G ). The lignan with the highest binding affinity is (± )-3,4-divanillyltetrahydrofuran. In a d ouble S tobbe conden satio n -w ithout use of protecting groups -a wide variety of lignans w ith different substitu tio n p attern in the arom atic and aliphatic p art of the m olecule was synthesized. T hese lignans w ere tested in a SH B G -binding assay which allowed to deduce the follow ing relationship betw een structure and activity: 1) (± )-d iastereo iso m ers are m ore active th an m eso com pounds 2.) the 4-hydroxy-3-m ethoxy (guajacyl) substitution p attern in th e arom atic p art is m ost effective 3.) the activity increases with the decline in p olarity of the aliphatic p art of th e m olecule.
Introduction
Lignans, dim eric phenylpropanes, are typical plant constituents, are know n to develop a great n um ber o f physiological activities (M cR ae and Towers, 1984; Nishibe 1993) : Lignans have been recognized as platelet-activating factor antagonists (C oran et al., 1991) , display digitoxin-like activities (H iran o et al., 1989) and show cytostatic effects especially on horm one d ep en d en t cancer cell lines (H iran o et al., 1990) .
Some lignans are able to bind to hum an sex h o r m one binding-globulin (SH B G ) (M artin et al., 1995 ; G a n ß e r and Spiteller, 1995) , th e m ajor plasm a sex steroid tran sp o rt protein (H am m ond and Bocchinfuso, 1995) . The lignan with the high est presen t know n affinity to SH B G is (-)-3 ,4 -d ivanillyltetrahydrofuran (S chöttner et al., 1997) .
The influence of structural m odifications on their binding to SH B G has been investigated for steroids only. These studies indicated as p re re q u i site for highest binding affinities the presence of a jt-donor as keto or hydroxy group in position 3, a ß-hydroxl group in position 17 and a p lan ar con form ation of the steroid (C unningham et al., 1981) . The influence of structural variation of lignans on their binding to SH B G is subject of this paper.
This investigation required the synthesis of lig nans: A wide variety of com pounds in substantial quantities for tests was needed. Since isolation of lignans from n atu ral sources is tim e-consum ing and provides the active com pounds in poor yields only, the project required the use of a versatile synthesis. Several synthetic approaches have been published (W ard, 1982) . In our laboratory the syn thesis of lignans by a m odification of the classical S tobbe ro ute (M atsuura and Iinum a, 1984; Batte rb e e et al., 1969) in a variation of D aughan and B row n (D aughan and Brow n, 1991) proved to be m ost suitable. This synthetic approach can be ap plied w ithout use of protecting groups, and allows the p rep a ra tio n of a wide variety of lignans with different substitution p attern in the aliphatic and arom atic part of the molecules. A dditionally the u n satured interm ediates w ere suspected to show S H B G binding properties. T herefore they w ere also subjected to the test program . The wide vari ety of products available by the described syn thetic approach allow ed to perform a detailed study on structure-activity relationship of binding of lignans to SHBG.
Results
The synthetic approach (£)-2-(4-H ydroxy-3-m ethoxy-benzyliden)-dim ethylsuccinate l a was prep ared by a Stobbe condensation of dim ethylsuccinate and vanillin ac-0939-5075/97/1100-0834 $ 06.00 © 1997 V erlag d er Z eitschrift für N aturforschung. All rights reserved. cording to D aughan et al. (D aughan and Brown, 1991) follow ed by esterfication with m ethanol (Schem e 1). R epetitio n of this reaction sequence yielded the bisbenzylidenedim ethylsuccinate 3a.
A fter hydrogenation the diastereoisom ers 4a and 5a (2 :1 ) w ere sep arated by recrystallisation from M eO H /T H F (1 :1 v/v). The m eso com pound 5a crystallized m uch m ore readily than the isom eric com pound 4a, due to its p o o r solubility in organic solvents. R eduction of 4a and 5a with L iA lH 4 yielded (± )-secoisolariciresinol 6a and m eso-secoisolariciresinol 7a. (± )-3,4-D ivanillyltetrahydrofuran 8a was p rep ared by dehydration of (± )-secoisolariciresinol by use of aceto n e/H C 1 0 4 as d ehydration reag en t (C am bie et al., 1985) . The acetonide 12a was obtained as byproduct. It was sep arated by H PLC.
(± )-S ecoisolariciresinol 6a and m eso-secoisolariciresinol 7a w ere treated with M eO H /trim ethylo rth o fo rm ate to give (±)-3,4-divanillyltetrahydrofuran and m eso-3,4-divanillyltetrahydrofuran, respectively, in quantitative yield in a reaction not previously described. The reaction of (±)-3,4-divanillyltetrahydrofuran 8a with C H 2N 2 yielded 8f and (± )-b rassilig n an 8 g. The acetyl derivative 8h was o b tain ed from 8a by treatm en t with A cO A c. F u rth e r variation of the arom atic substitution p a tte rn of the lignans was achieved by using benzaldehyde, /7-hydroxybenzaldehyde and syringaldehyde instead of vanillin.
S H B G binding test
The com pounds obtain ed w ere subjected to an in-vitro assay described earlier (G an ß er and Spiteller, 1995 Bocchinfuso, 1995; Joseph, 1994) . The chosen 3 H -D H T concentration is able to satu rate the protein (4.8 ± 0.3 nM bound). N o n bound 3 H -D H T was separated by ad dition of d extran-coated charcoal. The rem aining activity was corrected for the non-specific binding (0.04 nM 3 H-DHT/nM protein) which was d e te r m ined by use of a 300-fold excess of non-labelled D H T instead of a test com pound. Each point re p resents the m ean of at least three m easurem ents.
Influence o f variations in the aliphatic part o f guajacyllignans on S H B G binding
The influence of variations in the aliphatic part of lignans on the binding p ro perties to SH B G was investigated with guajacyl lignans, since it was found th at all guajacyllignans inhibited the binding of 3 H -D H T to SHBG. Planarity is a prerequisite for an effective binding of steroids to SH B G (C un ningham et al., 1981) . In contrast to this finding the u n satu rate d com pounds la and 3a developed only a very low affinity to SH B G (Fig. 1) . H ydro genation of the double bonds of 3a results in an increase of the binding properties, w hereby the (± )-d ia stere o iso m e r 4a tu rn ed out to be m ore ef fective than the m eso com pound 5a. This observa tion m ay be due to the low solubility of 5a o b served in all organic solvents.
(-)-M a ta ire s in o l (-)-1 0 a and 4a are of similar polarity, causing sim ilar binding affinity to SHBG. A n increase in polarity was achieved by the reduc tion of 4a to the natural product (± )-secoisolariciresinol 6a. This is reflected by a decrease in bind ing affinity to SH BG . D ehydration of the diols 6a and 7a produced the relatively nonpolar com p ounds 3,4-divanillyltetrahydrofuran 8a and 9a.
T hese com pounds exhibited the highest affinity of all investigated lignan derivates. C om parison b e tw een 8a and 9a again revealed the superiority of° 1a, ° 3a, A 4a, v 5a, o 6a, ■ 8a, • 9a, A (-)-10a, ▼ 12a the (± )-d ia ste re o iso m e r over the m eso com pound with respect to th e ir binding affinity.
Influence o f variations in the aromatic part o f the lignans on S H B G binding
The influence of arom atic substitution pattern on the S H B G binding properties was tested by com paring com pounds with an equivalent ali phatic p a rt b u t differen t substitution p attern in the arom atic ring. T he bisbenzyl dim ethylsuccinates 4 and 5 with differen t arom atic substitution pattern are easily accessible synthetically by variation of the aldehydic com pounds in the Stobbe condensa tion. Synthesis o f 4c in the way described above failed due to th e p o o r solubility of com pound 3c in any organic solvent. Synthesis of th e 10c was achieved by hyd ro g en atio n of 2c follow ed by re duction with L iA lH 4. 10c was obtained as m ixture of diastereoisom eric com pounds in a ratio 2 : 1 .
The sim ilar polarity of 10c com pared to com pounds of type 4 and 5 allowed com parison of th eir binding p ro p e rtie s to SHBG.
A ccording to th e d ata given in Fig fied by coupling lb as an arom atic group with low affinity with vanillin and syringaldehyde. A fter the usual reaction sequence the resulting diastereoisom ers 4 and 5 w ere sep arated by H PL C . The com pounds 4a, 4d and 4e exhibited com parable affinity to SH BG , w hereby the affinity of 4e was found to be the lowest. O bviously binding to SH B G is strongly su p p o rted by the 4-hydroxy-3-m ethoxy substitution p a tte rn in one of the aro m atic rings.
F u rth er variation of the arom atic p a rt of the m olecule was achieved by derivatization of the highly active 8a with diazom ethane. The m ixture of m ethylation products was sep arated by H PLC providing the com pounds 8f and 8 g. T reatm ent of 8a with pyridine and A cO A c yielded 8h. Starting from com pound la the tetrah y d ro fu ran 11a was obtained by subsequent hydrogenation, reduction of the ester group and d ehydration w ith trim ethylorthoform ate. The low affinity of 11a to SH B G (Fig. 3) proved the im portance of a second aro m atic residue for SH B G binding.
The extent of SH B G binding is reduced by any variation in th e arom atic p a rt of 8a as show n by the decline in affinity from 8a > 8f > 8 g > 8 g to 8h (Fig. 3 ).
Discussion
C om paring all the tested com pounds with re spect to th eir binding affinity to SH BG , the 8 -8 ' coupled dim eric phenylpropane structure seem s to ■ 8a, • 9a, * 8f, ▼ 8g ♦ 8h, + 11a be a p rerequisite for an effective binding to SHBG. The loss o f one benzylic part of the m ole cule causes a total loss in activity (11a. la). The low activity of the u n satu red com pound 3a m ay be due to the low flexibility or for the w rong configu ration of the double bond. It is ap p aren t from the different guajacyl lignans 4a -10a th at the affinity to SH B G can be co rrelated w ith the polarity of the su bstitutents at C-9 and C -9', resp.: The binding affinity increases with a decrease in polarity, sta rt ing from the diol 6a via the esters 4a and 10a to the tetrah y d ro fu ran derivative 8a. The acetalic com pound 12a is exceptional. Its low affinity may be due to the bulky 7-m em bered ring.
The (± )-lig n an s 4 are always m ore effective than the analogous d iastereoisom ers 5. This te n dency is also observed with the asym m etric lignans 4d and 4e which are sup erio r to 5d and 5e.
The m ost p o te n t substitution p a tte rn at th e a ro m atic part of the m olecule is the 4-hydroxy-3-m ethoxyphenyl (guajacyl-) ring. This is in ag ree m ent with the high binding affinity of 2 -m ethoxyestradiol to S H B G (Schem e 2) (D u n n et al., 1980), which is even m ore active th an testosterone.
OH Schem e 2. S tructure of 2-m ethoxyestradiol A ny variation o f the arom atic substitution p attern leads to a decrease in activity. In asym m etrical lignans th e arom atic p a rt with th e b ette r binding properties is responsible for the binding affinity of the w hole m olecule. By com paring the achieved data the effectiveness of th e substituted arom atic rings was estim ated to be guajacyl > syringyl §> 3,4-dim ethoxyphenyl ~ phenyl > 4-hydroxyphenyl ~ 4-acetoxy-3-m ethoxyphenyl (Schem e 3).
The concentration of lignans in fem ale urine was found to be d ep endent on the m enstrual cycle (Setchell et al., 1980; Stitch et al., 1980) . T herefore, lignans discovered in urine have been assum ed to rep resent a new class of horm onal com pounds (Setchell and A dlerkreutz 1988) . The binding of lignans to SH BG em phasizes these horm one-like properties.
In m an 58% of total testosterone is bo u n d to SH B G (V erm eulen et al., 1971) . The displacem ent of this sex horm one by lignans should cause a change in the concentration of free and th erefo re active steroid horm ones (M endel, 1989) . S H B G is m ore than a simple transport protein. B eside the steroid horm one binding site SH B G has an o th er binding site for specific receptors on the m em branes of typical horm one target tissues (review ed by Joseph, 1994) . The receptor-SH B G interaction is effected by the occupancy of the steroid binding site (H ryb et al., 1990) . T herefore an influence of lignans on this recep to r SHBG interaction by lig nans is conceivable.
TTie findings presented in this p ap er m ay con tribute to develop a quantitative structure-activity relationship of lignans to SH BG which m ay allow the synthesis of even m ore active lignans in the future. Especially the rem arkably high activity of (± )-3,4-divanillyltetrahydrofuran suggests th at this com pound develops benefical p ro p e rtie s in the treatm ent of h o rm one-dependent diseases (Pugeat et al., 1988) , e.g. benign p ro static h y p er plasia (Farnsw orth, 1996) .
A lthough lignans are present in higher concen trations than steroid horm ones in blood plasm a, (up to 1 [.im, A dlercreutz, 1994) , th e pysiological relevance of their binding to SH B G is difficult to estim ate and should be subject of fu rth er inves tigations. 
(E )-2 -(4 -H yd ro x y-3 -m eth o x y-b en zylid en )-dim eth ylsu ccin ate (la)
A S tobbe condensation of 21.45 g (0.14 m ol) vanillin and 18.38 ml (0.14 m ol) dim ethylsuccinate according to D aughan (D augan and B row n, 1991) yielded 36.8 g crude halfester. The slightly yellow pro duct was dissolved in 400 ml dried M eO H . Then a m ixture of 100 ml trim ethylorthoform ate, 2.5 ml H 2S 0 4 (96% ) and 100 ml dried M eO H was added. A fte r refluxing for 4 h a part of the solvent was rem oved to reach a volum e of 200 ml. This solution was added to 500 ml cooled (0 °C) half satu rated N a H C 0 3 solution. The white precipitate was filtered and washed with water. A fter high vacuum drying 31.25 g crude diester was obtained. This p ro du ct was recrystallized using 200 ml diethylether. Yield: 30.62 g (76% ).
R f ( C H -E tO A c 2 :1 ) = 0.57; m.p. (E tO E t): 
